Summary Blood pool and flow were studied in transplanted adenocarcinomas on the legs of mice. The animals' red blood cells were labelled in vivo by consecutive injections of a stannous compound and 99mTc-pertechnetate. The distribution of radioactivity was then recorded continuously with a gamma camera. This method allows prolonged and repeated estimations of blood supply to undisturbed tumours in conscious mice.
Knowledge concerning the blood supply of tumours is essential not only for the understanding of tumour biology but also if such treatments as chemotherapy, radiotherapy and hyperthermia are to be administered to the best advantage. Up until now, the methods used to measure tumour perfusion have had serious drawbacks. Histological and angiographic studies demonstrate the existence and patency of vessels rather than blood supply and are at best only semiquantitative. The use of radioactive tracers allows the actual measurement of blood flow, and the uptake by tumours of intravenously injected 86Rb, 42K or labelled iodoantipyrine has been assessed (Gullino & Grantham, 1961; Groothuis et al., 1983) . In addition, blood volume has been estimated using 125I-labelled albumin or 59Fe-labelled red cells (Karlsson et al., 1980) . Since these methods, like those involving histology, depend on taking tissue samples the animals must be killed to obtain the results. This has two major disadvantages. Firstly, only one measurement can be made for each tumour. Secondly, as pointed out by Algire & Chalkley (1945) , a variable amount of the blood in a tumour usually leaks out when the host is killed, making post-mortem estimations of blood pool subject to error. The use of labelled microspheres can overcome the second problem but selection of the correct size of sphere is crucial and made difficult by the inhomogeneity of tumour vasculature (Endrich et al., 1981) .
Ingenious in vivo methods of estimating tumour blood supply have been devised but are not free from criticism. Many of them including the tissueisolated implants of Gullino & Grantham (1961) , plethysmography (Kjartansson et al., 1976) or measurements of perfusion pressure (Wiig, 1982) require the animals to be anaesthetized. Anaesthetics are known to affect tumour blood flow differentially (Zanelli et al., 1975) and their use produces questionable results. Red cell velocity has been measured in tumours growing in transparent chambers in the cheek pouches of non-anaesthetized hamsters (Endrich et al., 1982) . However, such tumours are not growing in a completely normal situation and the period of observation is curtailed by the limitations to growth imposed by the chamber. Another method which has been used on conscious animals involves the clearance of 133Xe from tumours (Kallman et al., 1972) . However, only regional blood flow has been measured because the isotope was introduced locally into the tumour and/or the area "seen" by the counter was limited.
With methods involving heat transfer (Johnson, 1976) there is the danger of temperature-induced changes in the circulation. Laser and ultrasound Doppler techniques (Minasian & Bamber, 1982) are non-invasive but again only give information on local blood flow.
Recently, new methods utilizing short-lived isotopes, such as 1502, and computerized tomography have been applied to the measurement of regional blood flow in tumours. Most of the work has been done on human tumours but Kairento et al. (1983) used positron emission tomography to study tumour blood flow in rabbits. These techniques have great protential, particularly when the at present rather poor spatial resolution has been improved.
The technique described in the present paper avoids all of the problems referred to above. Total blood supply to an undisturbed tumour can be assessed both over a period, and repeatedly, in a conscious animal.
Materials and methods

Animals and tumour line
The experimental animals were from a colony of WHT/Ht mice bred by brother-sister mating in the animal house at King's College Hospital Medical School. These mice were brought to King's in 1977 by H.B. Hewitt from the The Gray Laboratory, Mount Vernon Hospital (Northwood, Middlesex, UK.). The tumour line derives from an adenocarcinoma (probably mammary) which arose spontaneously in these mice (Hewitt & Blake, 1978) . It has subsequently been maintained by serial subcutaneous transplantation. This was done in the present experiments by mashing an aseptically excised tumour in sterile 0.9% sodium chloride solution in a glass homogenizer and injecting 0.01-0.02 ml of the stirred suspension subcutaneously into the left calf of the mouse.
Tumour measurement Transplants were measured at intervals to establish that they were growing satisfactorily. They were also measured immediately before each blood pool estimation (Table I) . Three orthotomic diameters were found to the nearest 0.5 mm using callipers. Tumour volume was then calculated from the formula for the volume of a sphere 4irr3 rd 3 V_ = 3= 6 = 0.524d1d2d3. The error involved in this was investigated in the following way. After diameter measurements 21 tumours were dissected out and their volumes found by water displacement. They ranged from 0.1 to 4.1 ml. Their volumes were also calculated as described above. Calculated and measured volumes were then compared. The mean difference was 12.8% (s.d. 7.8) . Volumes estimated from calliper measurements were usually too high for tumours under 1 ml in size and too low for larger tumours.
Red cell labelling For blood pool measurement the red cells were labelled in vivo with 99mTechnetium. This is accomplished by injecting a stannous compound to load the red cells with stannous ion, before an injection of 99mTc-pertechnetate. Under these conditions 99mTc is reduced within the stannous loaded cells and bound. Labelling is at its highest 15-30min after pertechnetate injection but is still almost as high after 1 h (Pavel et al., 1977) .
Each mouse was injected with Amerscan (Amersham International plc, Amersham, Buckinghamshire, UK), a mixture of 4 mg stannous fluoride and 6.8 mg sodium medronate which was reconstituted with 0.9% NaCl. These injections consisted of 3.24 pg in 0.03 ml and were usually given subcutaneously in the tail. Subcutaneous injections into the right hind limb or i.v. injections into the tail were also tried but did not affect the outcome. Between 0.5 and 2.5 h later a second injection of -37 MBq (1 mCi) of QQmTcpertechnetate in 0.05-0.1 ml of 0.9%NaCl was given either s.c. or into a vein in the tail.
Blood samples were taken on several occasions in the course of the experiments from 6 mice and the efficiency of red cell labelling checked. These samples were taken between 10 and 60min after pertechnetate injection, with the stannous injections 46-91 min before those of pertechnetate. Each heparinized blood sample was diluted with about 4 ml of 0.9% NaCl and spun down. Cells and supernatant were then counted separately with a Nal scintillation counter. The mean red cell count was 95.3% (s.d. 2.7) of the total blood count.
Blood pool estimation Shortly before pertechnetate injection the mouse was immobilized on a purpose-made jig, the construction of which is shown in Figure 1 . The mouse was confined in a crouched position by means of a moulded Cabulite cover screwed to the base. The hind legs were extended laterally and fastened at the ankles by wire staples pushed into pieces of cork. This arrangement did not cut off blood circulation to the feet. Care was taken to position the spread-eagled mouse symmetrically because it was important that equal volumes of the two hind legs should be counted. If a mouse moved during counting it was repositioned and previous results disregarded. The injection site on the tail was shielded below by a sheet of 6mm lead and above by a U-shaped lead cover. Time was allowed for the mouse to settle down before proceeding.
The jig with a mouse in position was placed on the collimator of an Elscint CE1-7 gamma camera (Elscint Ltd., Berinsfield, Oxfordshire, UK). The low energy, parallel-holed collimator was covered with a plastic-backed paper sheet and the jig was placed directly on this. 99mTc-pertechnetate was then injected into the tail. The distribution of radio- were then averaged over 5min periods of counting. A value for non-tumour-bearing leg volume had been found previously by water displacement. The mean volume of 21 normal right legs was 1.5ml (s.d. 0.2). Two-thirds of the normal leg count therefore represented counts ml-1. Since tumour volume was known tumour counts ml-' could be calculated. For each period of counting these results were used to find the ratio Specific blood volume in tumour x 100 Specific blood volume in normal tissues giving a value for specific tumour blood pool (i.e. per ml) as a percentage of that of normal tissues. Hereafter, these quantities are referred to simply as blood pool.
Blood pool was measured in both normal and tumour-bearing legs. In mice with tumours it was measured on three occasions separated by intervals of 3-12 days. Relative blood flow in the two legs was estimated at the same times. Statistical significance between sets of results was determined using the Mann-Whitney U test.
Results
Normal leg blood pool A comparison of blood pool values from right and left hind legs of non-tumour-bearing mice provided a measure of error resulting from the technique. Leg counts from 13 normal mice were averaged over each of three 5min periods (the last 5min of Period 1 and the whole of Periods 2 and 3). In three cases the mouse pulled one leg free during counting so that it was no longer correctly placed on the jig. .Mean tumour count ml-1 as a percentage of mean normal leg count ml-'.
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produce any regular, statistically significant change in blood pool.
Dissimilarity between normal tissue and tumour bloodflow
Whereas counts at equilibrium gave a measure of blood pool, the initial rate of increase in counts was an indication of relative blood flow. For 43 out of the 45 measurements, data was available to show that 2min after the start of counting (l1.5min
after injection) the build-up of radioactivity was more gradual in the legs carrying tumours. Count rate at this time, expressed as a percentage of the f'inal rate (mean count for Period 3) was always lower than in the normal leg. The situation is seen best after intravenous pertechnetate injection, when the technetium level in the blood was steady. Thus for the three mice injected i.v. (Table I ) count rates for normal leg, tumour-bearing leg and tumour (difference between tumour-bearing and normal legs) were plotted against time. This is shown in Figure 3 , where each point represents the average of results from the three mice. In normal legs, counts rose sharply over approximately the first 10sec and then slowly until a maximum was reached at about 2min post-injection. For the rest of Period 1 count rate in the normal leg decreased at -3% min -1. In contrast, tumour counts rose less sharply at the beginning and continued to rise longer. Two min after injection tumour count rate From the difference between the curves for Period 1 in Figure 3 it appears that the flow of blood through the tumours was much slower than that through the normal leg tissues.
Discussion
Many of the results from methods described in the introduction have led to the idea that in time tumours outgrow their blood supply, which is then poor compared to that of normal tissues. It has been shown that vascularity and blood flow in tumours are inversely related to size and age (Cataland et al., 1962; Karlsson et al., 1980; Gullino & Grantham, 1961 (Jirtle, 1981; Groothuis et al., 1983) . Furthermore, not all authors agree that tumour perfusion decreases significantly with growth (Mantyla, 1979; Groothuis et al., 1983) . It can be seen from Figure  3 (Mathews, 1971) as described in the appendix. 
V This means that k represents flow per unit volume of blood in the tumour. If radioactivityml-1 of blood is determined and t is expressed in min, flow can then be given as ml unit volume min-.
